Abstract-The aim of this study was to assess the suitability of the production of a sweet sorghum bagasse derived biochar and bentonite clay composite adsorbents, and to determine the heavymetal adsorption capacity of each of the adsorbent composite. These adsorbents and their constituents were characterized by XRD analysis to determine their mineralogical compositions and SEM images were used to describe their morphology. The composite was prepared using a 1:5 mass ratio of bentonite to biomass and subsequently underwent fast pyrolysis. Isotherm and kinetic models were used to assess each of the adsorbents' capacity for the removal of Cr(VI) and Zn(II).
I. INTRODUCTION
EAVY metal usage by industry has increased over the past few decades and as a result, there have been an increase in concentrations of these metals in the water systems [1, 2] . The main pollutants that are released into these systems are, Pb(II), Cu(II), Cd(II), Ni(II), Cr(VI) and Zn(II), to name but a few [3] . With sufficient levels of pH and temperature, these metals are soluble in water, contaminating the water source [2] . These metals pose a great threat to the environment and the living organisms depending on the water source. The high toxicity and non-degradable nature of these metals contribute to the impact that they have on the environment, and the concentration should be reduced to acceptable levels or be removed completely [3] . The removal of heavy metals from the water sources has been an active research subject. There are numerous methods for the removal of metals in a solution, such as chemical precipitation, reverse osmosis, ion exchange, solvent extraction, electro-dialysis and adsorption [3] . Adsorption processes are studied because of the relative inexpensive nature of the materials, their abundance and effectiveness [4; 5; 6] . Many materials have been studied for their adsorption affinity toward heavy metals, among them are biomaterials, natural and synthetic clays, polymers and metallic compounds [7] .
Biomaterials have been successfully used to adsorb a wide variety of metal contaminants. Biomaterials that are made at low pyrolysis temperatures, less than 400°C, have been found to possess qualities that are uniquely suited for metal adsorption [8] .
Biochars generally have a high cation exchange capacity and aliphatic function groups combined with a large surface area [4] . These qualities make biochar a potential replacement for activated carbon [8] .
In this study, a composite consisting of bentonite clay and sweet sorghum bagasse derived biochar will be prepared and characterized. The adsorption behavior will be studied using existing isotherm and kinetic models.
II. METHODOLOGY

A. Materials
Bentonite clay Natural bentonite clay was used during the study. The clay was grinded and sieved to achieve a particle size smaller than 150 µm.
Biomass Sweet sorghum bagasse was used in these experiments due to its low cost and high availability. The biomass used was from the same origin and harvest. It was grinded and sieved to achieve a particle size smaller than 150µm.
Reagents
The adsorptive solutions for this experiment was prepared by dissolving the correct amounts of potassium dichromate (K 2 Cr 2 O 7 ) and zinc chloride (ZnCl 2 ) in distilled water.
B. Characterization
The elemental composition of the clay was determined using the X-ray fluorometer (XRF) which was performed on the MagiX PRO & SuperQ Version 4 (Panalytical, Netherland); a rhodium(Rh) anode was used in the X-ray tube and operated at 50 kV and current 125 mA; at power level of 4 kW. The surface morphology of each adsorbent was determined by scanning electron microscopy (SEM) photography.
C. Adsorbent preparation
The bentonite and biomass composite was combined in a 1:5 mass ratio to form a mixture that underwent pyrolysis at 400°C (in the presence of nitrogen) to form a powdered sample. The thermogravemetric analysis TGA) of the biomass pyrolysis process showed that 5 minutes and 30seconds was sufficient for the reduction of the biomass to biochar. It was shown by TGA that the bentonite/biomass mixture required 6 minutes and 30 seconds to achieve complete pyrolysis. The samples were crushed and sieved once again to obtain a particle size smaller than 150 µm.
D. Adsorption experiments
The experiments were carried out in a batch system using 250 mL flasks.
Adsorption with different initial metal concentrations
The adsorbents were divided into 0.1 g samples. Each sample was added to 25 mL adsorptive solution and continuously stirred at 200 rpm for 1 hour. The adsorptive solution's metallic compound concentration was 25, 50, 75 and 100 ppm for the respective runs. The suspension was centrifuged at 4000 rpm for 10 min. The supernatant was removed with a pipette and sent off to the ICP for analysis of the remaining metallic ions in the solution.
Adsorption of metals at various contact times
The adsorbent (0.1 g) was added to a 25 mL, 50-ppm solution that was made with the metallic compounds. This solution was stirred at 200 rpm for 15, 30, 45 and 60 minutes, with samples extracted at each time interval. The extracted sample was centrifuged at 4000 rpm for 10 minutes where after the supernatant was removed by a pipette and sent to the ICP for analysis E. Mathematical modelling Before applying the isotherm or kinetic models, the equilibrium concentration of the adsorbate must first be found experimentally and the adsorption capacity determined using the equation [3] ; where q i is the amount of metal adsorbed per unit mass of adsorbent (mg/g); C 0 is the initial concentration of the metal ions in the solution (mg/L); C i is the metal ion concentration (mg/L) ; m is the amount of adsorbent (g) and V is the solution volume (L). The subscript "i" denotes the state either of the system, equilibrium (e) or at a time interval (t).
Isotherm modelling
The Langmuir isotherm as described by [4] ; Or in linearized form; The Freundlich isotherm is described by [9] ; Or in linearized form;
where q e is the amount of metal adsorbed per unit mass of adsorbent (mg/g); C e is the metal ion concentration at equilibrium (mg/l) ; k f is the adsorption coefficient and n is a constant for the model..
Kinetics modelling
Before applying the kinetic models, the adsorption capacity at different times need to be calculated according to the equation described previously.
The pseudo first order kinetic rate law is described by [7] as;
The pseudo second-order kinetic rate law is given by Where k 1 and k 2 are the rate constants for the first and second order kinetics, respectively. Non-linear regression methods were used to determine these rate constants.
III. RESULTS AND DISCUSSION
A. Characterization
The XRF analysis of the adsorbents showed that the chemical composition varied among the pure clay and the synthesized adsorbent. Table I indicates the most prominent compounds that are present in the adsorbent on a mass percentage basis. The morphology of the biochar and composite was determined by SEM imaging. Fig 1 and Fig 2 display the results of the SEM at a magnification of one thousand times. The biochar mainly consist of rod-like structures that have many alcoves and protrusions. The cylindrical structure that can be seen on the lower half of the figure has a pore size of 3-25 µm. According to the study performed by [10] , the formation of these porous cylindrical structures may be attributed to the formation and subsequent expulsion of volatile components. 
B. Isotherm study
The isotherm models, as described previously, were applied to the experimental data from the adsorption tests. Table II , it is clearly seen that the Freundlich isotherm model best describes the adsorption of Cr(VI) by all adsorbents. Using the parameters of Table II and the Freundlich equation, the adsorption capacity for each adsorbent was calculated with a 50 ppm residual Cr(VI) concentration. The adsorption capacity of bentonite, biochar and the composite was calculated to be 0.291 mg/g, 0.529 mg/g and 0.572 mg/g, respectively. The low adsorption capacity of Cr(VI) by bentonite is attributed to the negative charge of its surface and the anionic nature of the dichromate ion [11] . The fast pyrolysis of sweet sorghum bagasse has shown to yield a negatively charge surface due to the carbonyl and carboxylate molecules that are formed [10] . It is to no surprise that the composite has a similar affinity for Cr(VI) as bentonite. The Freundlich isotherm had the best fit for the bentonite and biochar adsorbents. The composite's coefficient of determination is identical, as displayed in Table III , however, the first difference to be seen between the two coefficients was at the fifth decimal, in favor of the Freundlich isotherm. The adsorption capacity of the adsorbents was calculated to be 14.536 mg/g for bentonite, 14.063 mg/g for biochar and 10.897 mg/g for the composite. The high adsorption capacity of bentonite and biochar is explained by the negative surface they possess and the cationic nature of Zn(II). The lower adsorption capacity of the composite may be attributed to the anionic functional groups of the biochar that partially bind with the cationic compounds of the bentonite and vice versa. Another possible reason for the discrepancy between the composite's adsorption capacity and that of its constituents is due to the obstruction of pores caused by the addition of bentonite. This reduces the amount of available adsorption sites and lowers the adsorption potential of the composite.
C. Kinetic study A kinetics study was performed on the adsorption behaviour of biochar during removal of Zn(II) from solution. Biochar displayed a high adsorption affinity toward Zn(II). The results from the experiments are displayed in Table IV. In both cases, a very high coefficient of determination was found. The overall coefficient of determination for the pseudo first order model was calculated to be 0.986, whereas the pseudo second order model had a value of 0.994. The adsorption coefficient for the second order model was found to be 0.015 and the adsorption potential as 9.1 mg/g. Although this model has the largest coefficient of determination, the difference between the calculated and experimental adsorption capacity of 8.04 mg/g, was calculated to be 13.15%. The pseudo first order model differs only by 0.83% regarding adsorption potential, despite having a coefficient of determination of only 0.85% smaller in value than the second order model.
IV. CONCLUSION
The SEM images confirmed that the composite synthesizing process was performed successfully. The Freundlich isotherm model described all adsorbent in a satisfactory manner, implying that adsorption occurs on a heterogenous surface. The biochar is well suited for Zn(II) adsorption, rivalling even bentonite. It could prove to be a valid alternative in regions were pure bentonite is hard to obtain. The adsorption potential for Zn(II) is 25 times larger than the value calculated for Cr(VI) adsorption. The negative charge of functional groups in the biochar are mainly responsible for this enormous difference. Bentonite and biochar appear to function in a similar manner regarding adsorption.
The composite, however, had a lower adsorption capacity for Zn(II) than either of its constituents. The biochar adsorbent could therefore be recommended for the treatment of water contaminated with Zn(II).
